D
rones are revolutionizing environ mental research. Using small remotecontrolled aerial vehicles, scientists can photograph farflung places more quickly, easily and cheaply than by conventional surveys done on foot, by car or from balloons, satellites or aircraft.
Drones are becoming essential for moni toring forests 1 , rivers 2 , farms 3 and wildlife 4 . They can track the regeneration of woodland and tell farmers where to apply fertilizer or pesticide. They can fly swiftly into disaster zones. For example, in Mozambique in March, they revealed flooding, damage and survivors in the wake of Cyclone Idai.
The technology is advancing and costs are falling (see Nature 498, 156-158; 2013) . Carbonfibre frames are strong yet light weight. Electronics and batteries are getting smaller and using less power. Onboard GPS systems and flightplanning software make manoeuvring simple and safe. Myriad sensors can be deployed, from threecolour cameras such as those on smartphones to sophisticated laser altimeters and thermal sensors. Process ing algorithms can turn sequences of pictures into 3D imagery and data sets.
But drones could do much more for scientific research. They can currently only be flown for up to an hour before needing to be recharged, and regulations, data stand ards and processing algorithms all fall short. Scientists need to work with regulators COMMENT and software developers to improve laws and data products. Here we propose four steps towards improvement. Some regulations hinder scientific uses. For example, requiring that the drone is in view of the operator at all times protects pedestrians on New York City's streets from crashes and intrusion. But it also prevents researchers from monitoring urban green spaces from the air or, in other regions, from detecting illegal logging in dense forests. These laws also stop scientists using drones far away from populated areas, to study scrub encroachment in the Amazon basin or snow melt in the Arctic or the Himalayas 5 . Misuse of drones is perhaps the greatest threat to widening their use. Disapproval from the public or funders can lead to tighter regulations or bans. Concerns have been raised over their impacts on wildlife. For example, flying drones over black bears in the United States quadrupled the animals' heart rates 6 . Drone flights have been illegal in all US National Parks since August 2014, in part because of their effects on wildlife. Earlier that year, for instance, an illegal drone in Utah's Zion National Park scattered herds of bighorn sheep (Ovis canadensis) and separated several young from adults. In 2018, the grounding of commercial air traf fic by rogue drone operators in the United Kingdom led the government to extend no fly zones around airports, limit flight heights and demand more training for drone pilots.
ALIGN REGULATION
Regulation moves more slowly than tech nology. A prime example is the capacity for many drones to fly together and collaborate as a 'swarm' . Drone swarms for military uses such as surveillance are being developed by the US Defense Advanced Research Pro jects Agency. Drone swarms hold promise for science, too, and would speed up data collection over large areas. But current US regulations require drones to be in the line of sight of a single operator. This effectively prevents swarms from being flown, because it is impossible to ensure that all drones in a swarm can be seen by one operator.
Standardizing drone laws across regions and countries would simplify enforce m e nt a n d p r o mote consistency. There is progress: in November 2018, the International Organization for Standardization (ISO) released a draft of the First International Drone Standards for a short period of public comment. The standards focus on: classification, design, manufacture, operation (including mainte nance) and safety management. When the standards are finally released, scientists must provide feedback on them.
Researchers must collaborate with policy makers to ensure that drone regu lations are fit for research as well as other purposes. For example, special licences could be set up. Some regulations, such as lineofsight requirements, could have exemptions for scientific studies away from populated areas.
IMPROVE CONTROL
Systems for directing drone flights need improving to protect public safety, pri vacy and to avoid collisions. Regulatory restrictions should be programmed in and updated as legislation evolves. Collision avoidance systems are increasingly installed on drones. These use onboard sensors to detect nearby obstacles or craft and then warn users to adjust the vehicle's course, or the drone can do so automatically.
Simple forms of airtraffic tracking are being integrated. For example, China's civil aviation administration uses two cloud computing systems for registering and monitoring drone ownership and flightsUcloud and Ucare. A drone equipped with a control module can access the systems, which warn operators about flight zones and speed limits.
Drone developers, such as the world's larg est, DJI, in Shenzhen, China, are beginning to show regulatory and safety hazards on maps in the control software. Derived from local aviation maps and regulations, these use GPS and other navigational satellite signals to restrict the heights at which the craft can fly and to block its access to nofly zones. Cooperation between manufacturers and "Misuse of drones is perhaps the greatest threat to widening their use." legislative bodies is needed to improve the availability of these data.
Permission to bypass these 'geofences' is granted on a casebycase basis; users must demonstrate in advance that their activity minimizes risks to the public, property and wildlife. For example, researchers wanting to study birds near an airport would need to provide flight plans to local aircraft con trollers and ensure that the drone's altitude, speed and trajectories will not affect local air traffic or trouble people or animals. Researchers must also tell controllers when, where and what drone activities are taking place, and receive permission for them.
As the technological capacity and spatial coverage of these systems improve, regula tions should be harmonized across regions. Qualitycontrol testing must be ongoing to ensure that the regulations perform as intended and as advertised. Regulatory bodies will need to consider data privacy and anonymity.
PROLONG POWER
Efficient solidstate lithiumion cells are being developed. But drones are still pre dominantly powered by conventional batteries. These limit flight times to 15-60 minutes, and thus also cap flight distances. Drones are typically used for smallscale studies, such as imaging a stand of trees or counting animals in a valley. Scientists looking to monitor larger areas, greater than 100 hectares, for example, are forced to swap in multiple battery sets.
Length of flight is also influenced by the type of air frame -fixed wings have less air resistance than do rotors. Weight, the power draw of onboard electronics and sensors, hardware aerodynamics, and wind direction and speed also have an influence 7 . Shrinking batteries while improving the efficiency of onboard electronics would help to reduce weight and lengthen flight times.
Hybrid electric and hydrocarbonbased fuel systems can also extend flight times. Drones fitted with photovoltaic cells are becoming a reality. Also promising is the development of inflight networks that can recharge batteries from nearby ground sta tions through WiFi and ultrasound signals.
DEVELOP DATA TOOLS
Drones are often flown repeatedly along transects to gather data over an area or to track changes. When such craft are flown below 100 metres -the typical ceiling for unregulated use -the resolution of images can be as fine as 3 centimetres, enough to identify the species of individual trees, shrubs and animals.
Challenges remain for collecting and processing data. Airframes flex as they fly, and inflight roll, pitch and yaw movements affect the speed and orientation of the craft as well as the consistency and quality of images. Researchers must use fast shutter speeds and imagematching software to recreate terrain in 3D or to view particular projections 8 . Software is available for performing these tasks, but the algorithms are not standard ized. There is no consensus on optimal parameters, such as elevation, image dimen sions and flight speed, or methods for recon structing views or processing structural and spectral information. Although opensource software is being developed, most packages are proprietary black boxes. Users cannot know what the underlying algorithms are doing, or test or adjust them.
Researchers need to work with software developers to develop algorithms that suit the many goals of scientific data gathering from drones. For instance, commercial soft ware for processing digital images is often tailored to reconstructing simple geometri cal shapes for architectural uses. Distortions and omissions are common when such soft ware is applied to more complex features like vegetation.
We call for more dialogue and collabora tion between legislators, users, developers and manufacturers of drones to expand their use for science and to democratize remote sensing. 
